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Abstract 
The present paper proposes a novel cableless magnetic actuator that exhibits a very high thrusting force and is 
capable of high speed locomotion in a thin pipe by means of a new motion principle. The magnetic actuator is moved 
according to the vibration amplitude and elastic energy of a mass-spring system due to mechanical resonance energy. 
The proposed actuator contains an electrical inverter that directly transforms DC from button batteries into AC. The 
electrical DC-AC inverter incorporates a mass-spring system, a reed switch and a curved permanent magnet that 
switches under an electromagnetic force.  
 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
There is increasing demand for in-piping robots able to quickly find damage and remedy undesirable 
conditions inside pipes used in plants for chemical and biological materials, nuclear power, and other 
such installations. Safety issues have encouraged the growing use of such robots in recent years for a 
variety of duties, including not only inspections, but also maintenance and cleaning. Although a number 
of actuators that are powered by means of electric cables have been proposed [1] - [5], few studies have 
examined cableless robots [6] - [7]. However, there are several design problems with regard to extending 
the range and avoiding tangling of cables. As such, a cableless system is clearly desirable. Although long-
range movement is necessary for inspection of the thin pipes used in plants, a cableless actuator having a 
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range of movement of over one hundred meters in a thin pipe with a diameter of several millimeters has 
not yet been reported. The present authors have proposed a novel magnetic actuator that provides 
propulsion by means of the inertial force of a mass-spring system excited by an electromagnetic force [7]. 
Since large-amplitude vibration can be easily provided by a low exciting force, an actuator of this type 
realizes high impelling. However, the frictional loss between the support material of the actuator and the 
wall of the pipe increases for a large supporting force. Therefore, the speed of the actuator is low.  
In the present paper, we propose a novel cableless magnetic actuator capable of high speed 
locomotion in a thin pipe by a new motion principle. In a previous study, flexible rubber that changes 
vibration energy in one direction was arranged in the movable module instead of the body of the actuator 
[7], and locomotion of the actuator was accomplished in the presence of an appropriately low supporting 
force. In addition, an electrical DC-AC inverter was examined in order to realize a cableless actuator.  
2. Cableless magnetic actuator 
 ７Fig. 1 is a diagram of the cableless magnetic actuator capable of moving within 8 mm inner diameter 
pipe. The magnetic actuator consists of two identical permanent magnets A and B of ring type, two 
translational springs, an electromagnet of bobbin type, and the electrical DC-AC inverter composed by a 
reed switch and a curved permanent magnet. The permanent magnet A of ring type is NdFeB magnet and 
is magnetized in the axial direction. This is an outer diameter 7.8 mm, an inner diameter 5.8 mm, and 
thickness is 3.3 mm. The permanent magnet B is NdFeB magnet and is magnetized in the axial direction. 
This is an outer diameter 6.5 mm, an inner diameter 2 mm, and thickness is 1.5 mm. The surface 
magnetic flux density measured by using tesla meter is 245 mT for the permanent magnet A of ring type 
and is 220 mT for the permanent magnet B, respectively. The two identical translational springs are the 
stainless steel compression coil type with an outer diameter of 6 mm, free length of 5 mm, and a spring 
constant k = 1040 N/m. The electromagnet with a shape of the bobbin type consists of an iron core with 
3200 turns of 0.07 mm diameter copper wire. The electrical resistance of the electromagnet is 225 Ω. This 
electromagnet also achieves duty of the mass of a mass-spring system by combining together with the two 
translational springs. As shown in Fig. 2, the spring is adhered to a plastic plate, and the electromagnet 
and the two springs are combined by two metallic rods with metallic circular plates at both ends. The leg 
used to support the actuator is a natural rubber of 10 mm length, 5 mm width and 0.5 mm thickness. The 
rubber was attached on the electromagnet by using a plastic square rod with a length of 5 mm and the 
metallic rod. Consequently, the electromagnet and the two rubbers perform the completely same motion. 
The actuator is 68 mm length when the actuator has a pack of 10 button batteries and total mass is 8.5 g.  
A magnetic circuit composed of two identical ring type permanent magnets A and B, and a bobbin 
type electromagnet was designed by computer simulation and experiment, as shown in Fig. 2. The iron 
core of two identical circular plates with a diameter of 4.8 mm and a thickness of 0.5 mm, and a straight 
rod with a diameter of 2.5 mm was used in the present paper. 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Structure of the cableless magnetic actuator. 
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Fig. 2.  Propulsion module of the actuator. 
 
3. Structure and operating principles of the electrical DC-AC inverter 
     Fig. 3 illustrates the principle of the electrical DC-AC inverter proposed in the present paper, which was 
developed in order to realize a cableless actuator. Considering durability and application, the mechanical 
DC-AC inverter demonstrated in the previous paper [7] was replaced with an electric DC-AC inverter. 
This inverter is composed of a reed switch and a curved permanent magnet, as mentioned above. The reed 
switch has a diameter of 1.8 mm and a length of 10 mm. The curved permanent magnet is an arc type 
NdFeB magnet having a width of 1 mm and a thickness of 1 mm and is magnetized in the axial direction.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Principle of the DC-AC inverter７７７７７７７   (c) Reed switch 
 
Fig. 3. Principle of the electrical DC-AC inverter composed of a reed switch and a curved permanent magnet. 
 
The reed switch and the bobbin type electromagnet are connected by a thin copper wire to a DC source, 
such as a battery, as shown in Fig. 3(a). The reed switch attached to the electromagnet vibrates around the 
curved permanent magnet. The magnetic field between the reed switch and the curved permanent magnet 
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is changed by the vibration displacement of a mass-spring system. The mass-spring system vibrates and the 
two cantilever beams inserted into the reed switch make and break the contact as the switch is cycled on 
and off. As a result, the DC voltage is converted into a square alternating waveform, and the resulting 
magnetic force acts on the mass-spring system. By changing the position between the reed switch and the 
curved permanent magnet, this DC-AC inverter can change the duty factor of the square alternating 
waveform.  
Fig. 4 shows the on-off area of the reed switch around the curved permanent magnet, as shown in  
Fig. 3(c). In this figure, the center point indicates the contact point of the two cantilever beams in the reed 
switch. The solid line indicates the on-area of the reed switch, and the broken line indicates the off-area.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. On-off area of the reed switch around the curved permanent magnet. 
 
4. Principle of locomotion 
The asymmetrical vibration mode was used as the driving mode for the actuator, enabling movement 
under a comparatively low contact force. We consider one period of vibration τ of the mass-spring system. 
The principle of locomotion is as follows: 
1) When t = 0, as shown in Fig. 5(a), the masses m and M do not undergo displacement.
2) For 0 < t < τ /4, as shown in Fig. 5(b), the mass m moves only through an amplitude Am as it vibrates 
in the x1 direction.  
3) For τ /4 < t < 2τ /4, as shown in Fig. 5(c), the tip of the rubber arms become attached to the inner wall 
of the pipe when the mass m moves in the negative x1 direction. Therefore, the actuator cannot be moved. 
Only the rubber arms are deformed, and there is no displacement of the spring at t = 2τ /4. 
4) For 2τ /4 < t < 3τ /4, as shown in Fig. 5(d), the rubber arms remain attached to the inner wall of the 
pipe. The rubber is flexibly deformed and the tips of the rubber arms act as hooks. At this time, the mass 
m vibrates with the amplitude Am in the negative x1 direction. In addition, the elastic potential energy E 
generated by the displacement of the spring is stored at the tips of the two rubber arms. 
5) For 3τ /4 < t < 4τ /4, as shown in Fig. 5(e), the elastic potential energy of the two springs stored at the 
tips of the rubber arms is added to the actuator. As a result, the displacement in the x1 direction of the 
actuator per one period of the vibration isδ. The electric energy required to maintain the resonance of the 
mass-spring system is supplied by the DC-AC inverter module as described above. The supporting force 
of the actuator measured using a force gage was 0.12 N. By using the rubber leg having the appropriate 
flexural rigidity, all of the energy due to the resonance vibration of the mass-spring system is more 
efficiently converted into movement in one direction. 
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The vibration amplitude Am of the moving actuator by using a laser displacement meter, a fast Fourier 
transform (FFT) analyzer, and a personal computer (PC) was measured. The motion principle of the 
actuator was investigated experimentally and theoretically, and it was completely verified. 
 On the other hand, if the supporting force of this magnetic actuator is increased to approximately  
0.35 N, the principle of locomotion changes to that of an inertia-type actuator, as demonstrated in a 
previous paper [7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Principle of locomotion 
 
5. Locomotion characteristics of the cableless magnetic actuator 
     The solid line in Fig. 6 shows the relationship between the tilt angle α and the speed of the actuator 
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maximum straight upward speed was 133.4 mm/s. This speed is approximately 3.8 times greater than the 
maximum straight upward speed reported in the previous study [7], as shown by the broken line in Fig. 6.  
The moving characteristic of the actuator was improved considerably by the improvement of the magnetic 
circuit and the novel motion principle. 
This actuator demonstrates good performance compared with an actuator powered by an electric cable. 
Fig. 7 shows the relationship between the load mass and the speed for straight upward movement 
powered by 10 button batteries. In this figure, the broken line shows the results obtained in the previous 
study [7]. The figure indicates that the actuator can climb upward at 62.2 mm/s when pulling a load mass 
of 10 g, which is a moderately high performance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.  Relationship between tilt angle α and speed.    Fig. 7.  Relationship between load mass and upward speed. 
6. Conclusion  
A cableless magnetic actuator powered by an electrical DC-AC inverter capable of locomotion by a 
novel motion principle in a thin pipe has been proposed and tested. The actuator was able to move straight 
downward at speed of 350.0 mm/s, horizontally at 182.5 mm/s, and straight upward at 133.4 mm/s. The 
total range of the actuator was found to be 284 m for horizontal motion and 200 m for vertical motion 
over 25 minutes when the supporting force was 0.12 N. Thus, the proposed actuator is highly promising 
for inspection of piping systems. 
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